This paper presents the theoretical approach and experimental tests of a new algorithm for detecting ground faults in rotor windings of synchronous generators with static excitation. This location method requires the installation of a grounding resistance in the secondary winding of the excitation transformer. First, the third-harmonic reference voltage is obtained by the voltage measurements in the excitation system. Then, the third-harmonic voltage at the grounding resistor is compared to the reference voltage. The ground fault is detected when the phase angle between those voltages is under the trip setting value.
Introduction
Protective systems of power plants are a primary concern not only to provide safety conditions to the power plant personnel, but also to maintain the reliability of the power network. In power plants the generating unit is the most important element; therefore, the modern protective systems focus specially on it [1] . The ground fault in the field winding is one of the most common failures of synchronous generator, mostly when the end of its lifetime is close. The excitation field circuit of synchronous generators is typically isolated during normal operating conditions. The field winding is exposed to mechanical and thermal stress cycles due to the rotation speed and the temperature rise [2] . Additionally, the field winding can be exposed to abnormal mechanical or thermal stress due to over-speed, vibrations [3] , excessive field currents or poor cooling, among some others. It may result in a breakdown of the insulation between the field winding and the rotor iron. Since the excitation system is isolated, a single ground fault in the field winding, or its associated circuits, causes a negligible fault current. Therefore, it does not represent any immediate danger. However, if a second ground fault occurs, high fault currents and severe mechanical unbalances may arise quickly, leading to serious damage in the generator. In some cases the field current, flowing through the rotor iron, could generate enough heat to melt it [4] . It is essential, therefore, that the first insulation failure has to be detected [5] , and the generator has to be removed from service in order to check the insulation health [6] . The field of fault detection in synchronous generators is a very active research topic, and many contributions have been published recently related to it [7] - [10] . Typically, for the detection of rotor ground faults, some commercial detection devices can be used. All of them precise an external injection voltage source. They are based on the detection of the current provided by the source in case of ground fault. For synchronous generators with static excitation, a novel ground-fault detection algorithm was presented [11] , [12] , which only requires a high-value grounding resistance to be connected to the neutral point of the excitation transformer. This technique is based in the supervision of the thirdharmonic component of the voltage measured in the grounding resistance. In case of ground fault in the field winding, the level of this harmonic component increases over the setting value, and the fault is detected. This detection method also discriminates between a ground fault in the AC, or DC side of the excitation system, because in case of ground fault in the AC side, only fundamental-frequency component appears in the voltage measurement at the grounding resistance. On the other hand, the ground fault location is usually a costly and laborious process. Typically, the location of the field-winding ground faults requires the generator to be removed from service, and the rotor to be extracted, which is commonly a costly operation. After the rotor extraction, the ground-fault location is performed in standstill condition, requiring high-power external power source and a highsensibility voltmeter [13] . A novel location algorithm has been presented [14] , [15] which implies two major advantages. Firstly, it does not need an additional voltage source; secondly, this new technique locates the defect in on-line operation. This location algorithm also requires a high-value grounding resistance to be connected to the neutral point of the excitation transformer. It is based in the linear relationship between the DC component of the voltage measurement at the grounding resistor, and the position of the fault along the field winding. The amplitude of the DC component has the maximum value, with positive polarity, when the fault occurs in the negative terminal, and negative polarity when the fault occurs in the positive terminal. The DC component is negligible for faults at the midpoint of the winding. However, this location method may be affected by the rotor capacitance, as observed during field tests in a large-size synchronous generator. In healthy condition, there was an unexpected voltage V, measured in the grounding resistor. The presence of this voltage during healthy condition is caused by the effect of the capacitance-to-ground of the rotor. This voltage has a high magnitude and a fundamental frequency of 150 Hz, would implies (in the AC-DC discriminating algorithm [13] ) a fault in the field winding. Moreover, this voltage has no DC component, which implies (in the location algorithm [14] ) a fault at the 50\% of the field winding. This fact may make the location algorithm vulnerable to provide unwanted trip commands caused by the effect of the rotor capacitance, while the machine is in healthy conditions. This paper presents the theoretical approach and experimental tests of a new algorithm for detecting ground faults in synchronous machines with static excitation. This algorithm allows detecting the ground fault at any point of the field winding without the use of any additional equipment or external voltage source. This is performed by the analysis of the phase angle between a third-harmonic voltage, obtained from the excitation measurements, and the third-harmonic component of the voltage measurement at the grounding resistor. This algorithm also allows distinguishing the cases of ground fault in the rotor winding, from the cases of high influence of the rotor capacitance in healthy condition, which represents a remarkable improvement of the previous method.
Theoretical Approach for the Analysis of the Static Excitation System
The static excitation system is composed by an excitation transformer, the field winding and the controlled rectifier. This converter is controlled by the Automatic Voltage Regulator (AVR) of the power plant. In Fig. 1 (a) , the excitation transformer is represented as a three-phase voltage source with its series reactance. A ground fault has been represented in point x of the winding, with a value of fault resistance Rf. The value of x goes from 0 (negative terminal) to 1 (positive terminal). The field winding is represented by several "pi" equivalents in series connection. Each "pi" equivalent is composed by a series inductance L r (LR/n), and two parallel capacitors Cr (CR/2n). The series resistance and capacitance is neglected due to its considerably low value.
This complex circuit can be simplified, taking into account the following consideration. The harmonic decomposition of the voltages between the neutral point, N, and each terminal of the field winding, Positive (100%) and Negative (0%), VpN and VnN, respectively. These voltages correspond to the output voltage of a half-bridge rectifier, as observed in Fig. 1 (b) . The field voltage (V f) and its harmonic components (VfDC and VfAC,6f) are also shown in the same figure, just to compare with the others waveforms. While the DC component of VpN and VnN has inverse polarity (VpNDC and VnNDC), the third harmonic component of both voltages is identical (V pNAC,3f and VnNAC,3f). Both VpN and VnN remain inalterable during a ground fault in the field winding, and so its third-harmonic components VpNAC,3f and VnNAC,3f. Therefore, any of these latter variables can be used a reference voltage (VREF). This fact leads to the equivalent circuit shown in Fig. 2 (a) , where the components of the system between the neutral point, N, and both terminals have been replaced by two voltage sources with value VpNAC,3f and VnNAC,3f. Accordingly, only for the third-harmonic equivalent circuit, both terminals can be connected, and therefore the equivalent circuit can be considerably simplified (Fig. 2 (b) ). This circuit can be simplified once more as shown in Fig. 2 (c) , where
As can be seen, in the equivalent circuit depends on the characteristics of the field winding (LR and CR), the fault resistance RF, the fault location x, and also on the value of grounding resistance RG. Depending on the value of these variables the equivalent impedance is different.
From the equivalent circuit of the system, the phase angle is obtained theoretically (1) . This expression allows to evaluate the phase angle not only for a ground fault of any fault-resistance value, but also for the case of healthy conditions.
where 
Particularizing expression (2) for generators in which ´ ´ is very low, some simplified and useful expressions can be obtained. In healthy conditions, the phase angle is positive and has a high value, which depends on the capacitance-to-ground of the field winding, and the grounding-resistance value, as observed in (2).
On the other hand, if there is a solid ground fault, the value of the phase angle is zero, or even negative if the inductance of the field winding is considerably high.
The values of LR and CR are defined by the installation and they are typically provided in the datasheet of the synchronous generator. The value of x and RF are unknown variables. Finally, the value of RG can be considered as a design parameter.
Algorithm of rotor-winding ground-fault detection based in voltage-phasor comparison
For healthy condition, the value of RF is very high (RF ≈ ∞), therefore, the equivalent impedance angle will depend on L R, and mostly on CR. See equation (5) . For solid ground faults, the equivalent impedance will be purely resistive (if the fault is at terminals, x = 0 pu or x = 1 pu) or slightly inductive if the fault is in the inner part of the field winding. The phase angle between V REF and the equivalent current (IT), φ, can be obtained as well by the angle between VREF and VAC,3f, which is the third harmonic component of voltage V, measured in the grounding resistor. Therefore, for healthy condition, the phase angle between VREF and the equivalent current (IT), φ, is positive and high (φNF). See Fig. 3 (a) . For a solid ground fault this angle decreases dramatically (See Fig. 3 (b) ) to zero or even to a low but negative value (φ F). Then, the phase angle φ can be used to detect the ground faults.
The block diagram of the detection algorithm is shown in Fig. 3 (c) . Firstly, the third-harmonic component of V pN (VREF) and of V (VAC,3f) are obtained by a Fourier filter. Then, the phase angle of VREF and VAC,3f are obtained. The phase angle between both voltages φ is calculated considering φREF the reference. Finally, the angle φ is compared to the threshold φ SET. If φ is under the setting value, then the ground fault is detected. 
Experimental results
The presented ground-fault detection algorithm has been tested in a 400V 5kVA synchronous generator. This generator is specially design for testing ground faults since its field winding has 3 accessible points at 25%, 50% and 75% of the field winding. See Fig. 4 . Of course, ground faults can also be tested in both negative (0%) and positive terminal (100%) of the winding. Its static excitation system is composed by a 400/25 V excitation transformer and a controlled rectifier, and the grounding resistance value is 372 Ω. As the field winding of the synchronous machines of this size have insignificant capacitance to ground, additional capacitors have been added to each accessible point of the field winding.
The ground faults were conducted at each accessible point of the winding, for several values of fault resistance. The voltage measurements, indicated in Fig. 4 , were registered by an oscilloscope and postanalyzed with Matlab, were the detection algorithm is executed. In Fig. 5 , a picture of the experimental setup is shown. 
Results with additional capacitance of 1 μF
In Fig. 6 , the results of ground fault at 0% and 100% are shown. At observed, at healthy condition, both waveform are the same (No Def), however, as the value of fault resistance decreases, the waveform is distorted. In case of ground fault at 0% the waveform of V becomes V nN (Fig. 6 (a) ), while in case of ground fault at 100% the waveform of V becomes VpN (Fig. 6 (c) ),. Although those waveforms look so different, its third-harmonic components are very similar, as expected theoretically. In Fig. 6 (b) and (d), the phasor representation for both cases is shown. As observed, the phase angle φ has a positive and high value for healthy condition, and zero value for solid ground faults, as expected. The results for faults at 25% and 50% of the field winding can be observed in Fig. 7 . As can be seen, the waveforms in these cases are totally different (Fig. 7 (a) and (c) ), however, its third-harmonic components are very similar. In Fig. 7 (b) and (d) , the phasor representation is presented for both cases. Here, an interesting fact has to be pointed out. For healthy condition (No Def), the value of the angle φ is positive and high (φNF), and identical for every case. However, in case of ground fault at 25% and 50% (Fig. 7 (b) and (d)), the angle for solid ground fault is slightly negative (φF < 0), while, in case of ground fault at 0% and 100% (Fig. 6 (b) and (d) ), the angle for solid ground fault is zero (φ F = 0). This fact is totally justified theoretically and it was previously described. The experimental results meet the expected results.
Results with additional capacitance of 7.5 μF
In order to evaluate the influence of the capacitance to ground in the detection algorithm, a second set of tests were conducted in the same synchronous machine. In this case, the value of capacitance to ground is 7.5 μF, which is considerably high. The rest of the conditions of the experimental setup remained identical, therefore the influence of the capacitance can be clearly observed.
In Fig. 8 , the results of ground fault at 0% and 100% considering 7.5 μF are shown. As observed, the waveforms at healthy condition for this value of capacitance to ground are different than in case of 1 μF. However, as the value of fault resistance lowers, the waveform in both cases become VnN and VpN respectively ( Fig. 8 (a) and (c)), as expected. The phasor representation of the voltages for these cases are presented in Fig. 8 (b) and (d). As can be seen, the value of φ at healthy condition is positive, but lower than in the previous case (1 μF). This fact is totally expected. As the capacitance to ground increases, the equivalent impedance at healthy condition is more resistive, and therefore the value of φNF is lower. However, as the value of fault resistance lowers, the variable φ goes to zero (φF = 0). The results for faults at 25% and 50% of the field winding considering 7.5 μF can be observed in Fig.  9 . As can be observed in Fig. 9 (a) and (c), the waveforms are considerably different than in case of ground fault at 0% or 100%. Nevertheless, its phasor representation ( Fig. 9 (b) and (d)) shows that the value of φ evolves as expected. Once again, the phase angle for solid ground fault at 25% and 50 % (inner part of the winding) has a slightly negative value, as expected theoretically.
Design criteria of R G
The value of capacitance to ground has been shown to be a very influential parameter. It has to be taken into account when designing the grounding resistance. If the capacitance is high, the range of variation of φ is small. This can make the detection algorithm being less sensitive. Since the value of capacitance to ground is given by each synchronous machine, it cannot be modified. However, the value of RG can be calculated in order to have a wide range of variation of R G. Very high values of RG are not recommended because they limit too much the current in case of fault, and therefore it requires more accurate measurements. With this type of measurements, even small errors may imply unwanted trip commands of the detection algorithm. The proposed value of RG is such that makes φNF being 60 degrees. See expression (7). 
Conclusions
In this paper, a new ground-fault detection algorithm for field windings of synchronous machines has been presented. It is applicable to synchronous machines with static excitation and it requires a grounding resistor in the secondary winding of the excitation transformer. The detection algorithm is based on the comparison of the phase angle between two voltages. The reference phase angle is obtained from the voltage between the positive terminal and the neutral point. The second phase angle is obtained from the voltage measurement in the grounding resistor.
Firstly, a theoretical approach has been presented, in which the equivalent circuit of the static excitation system has been proposed. Secondly, the detection algorithm has been described. Finally, the algorithm has been tested in a 5kVA laboratory synchronous generator. Ground faults have been tested in several points of the winding and with several values of fault resistance, showing satisfactory results.
This detection algorithm may be interesting because of two advantages. First, its simplicity; it requires the supervision a single variable, the phase angle φ. Second, it does not need an external injection power supply for the fault detection, as the existing commercial protections do.
